� Background and Aims While the 'worldwide leaf economics spectrum' (Wright IJ, Reich PB, Westoby M, et al. 2004 . The worldwide leaf economics spectrum. Nature 428: 821-827) defines mineral nutrient relationships in plants, no unifying functional consensus links size attributes. Here, the focus is upon leaf size, a much-studied plant trait that scales positively with habitat quality and components of plant size. The objective is to show that this wide range of relationships is explicable in terms of a seed-phytomer-leaf (SPL) theoretical model defining leaf size in terms of trade-offs involving the size, growth rate and number of the building blocks (phytomers) of which the young shoot is constructed. � Methods Functional data for 2400þ species and English and Spanish vegetation surveys were used to explore interrelationships between leaf area, leaf width, canopy height, seed mass and leaf dry matter content (LDMC). � Key Results Leaf area was a consistent function of canopy height, LDMC and seed mass. Additionally, size traits are partially uncoupled. First, broad laminas help confer competitive exclusion while morphologically large leaves can, through dissection, be functionally small. Secondly, leaf size scales positively with plant size but many of the largest-leaved species are of medium height with basally supported leaves. Thirdly, photosynthetic stems may represent a functionally viable alternative to 'small seeds þ large leaves' in disturbed, fertile habitats and 'large seeds þ small leaves' in infertile ones. � Conclusions Although key elements defining the juvenile growth phase remain unmeasured, our results broadly support SPL theory in that phytometer and leaf size are a product of the size of the initial shoot meristem (ffi seed mass) and the duration and quality of juvenile growth. These allometrically constrained traits combine to confer ecological specialization on individual species. Equally, they appear conservatively expressed within major taxa. Thus, 'evolutionary canalization' sensu Stebbins (Stebbins GL. 1974. Flowering plants: evolution above the species level. Cambridge, MA: Belknap Press) is perhaps associated with both seed and leaf development, and major taxa appear routinely specialized with respect to ecologically important size-related traits.
INTRODUCTION
In meta-analyses of easily measured functional traits two major dimensions of ecological variation among angiosperms are immediately identified (D� ıaz et al., 2004 Pierce et al., 2014) . The first dimension relates to soil fertility. It identifies a fundamental trade-off in leaves with contrasted traits that in fertile habitats facilitate the rapid acquisition of nutrients and in unproductive ones the conservation of resources within wellprotected tissues. The resulting 'worldwide leaf economics Dedicated to Ferran Royo Pla 1969 � 2016: leader of Grup de Recerca Terres de l'Ebre, Catalonia, and friend. spectrum' (Wright et al., 2004 ) is accepted as a key axis of specialization.
The second major dimension of ecological variation identified defines plant size, with height often considered the key variable. The ecological importance of this dimension centres upon the potential for dominance. Taller plants tend to intercept more light but have greater construction and maintenance costs (Niklas, 1994; Westoby et al., 2002) . However, dominance defined in this manner simply identifies that the plant has achieved a high biomass relative to that of its associates. The developmental and mechanical constructs involved in the resource capture necessary for biomass accumulation remain undefined. As emphasized in relation to CSR (competitive, stress tolerant, ruderal) strategy theory by Grime (2001) , canopy dominants are a functionally diverse grouping. In productive habitats they are potentially fast-growing, with a high rate of resource capture and a rapid re-investment of resources into leaves and roots. This facilitates further resource capture. Equally, in nutrient-poor environments, a high biomass is achieved by slow resource capture and re-investment but requires that the plant is very long-lived.
Many aspects of plant size are more quickly and easily measured than the functional traits relating to the worldwide leaf economics spectrum (Pérez-Harguindeguy et al., 2012) . Moreover, the size, development, mechanical constraints and function of plant organs have been widely studied, and not solely within the context of plant height (e.g. Raunkiaer, 1934; Corner, 1949; White, 1983; Niklas, 1994; Cornelissen, 1999; Grime, 2001; Moles et al., 2009) . Nevertheless, we have only a fragmented understanding of the developmental, mechanical and functional factors that constrain the expression of the size of plants and their organs under field conditions. We suggest that the way forward is an integrated functional study of plant size focusing on the leaf. Leaf size impacts on photosynthetic resource capture and scales positively with adult plant size. Moreover, during seedling establishment its expression may be developmentally constrained by seed size.
The ecological importance of leaf and seed size
The area of an individual leaf is an easily measured and widely studied ecological variable that scales positively with habitat quality. Species characteristic of habitats unfavourable for growth for reasons of soil nutrient status, water availability and climate tend to have small leaves (e.g. Raunkiaer, 1934; McDonald et al., 2003; Santini et al., 2017) . Moreover, leaf size contributes positively to regression equations predicting leaf nitrogen content (Hodgson et al., 2005) . The exception is habitats with low irradiance. Here, the consensus is that shade tolerance is associated with larger leaves. However, leaves are thin and with a low allocation to structural support (Valladares and Niinemets, 2008) .
In addition, 'Corner's rules' (Corner, 1949) identify positive scaling relationships between plant stems and the appendages, including the leaves that they mechanically and hydraulically support (White, 1983; Cornelissen, 1999; Smith et al., 2017) . Nevertheless, light capture and photosynthetic capacity are not directly predicted by this allometric relationship between leaf and twig size (Smith et al., 2017) . Instead, the strongest positive scaling is between the area of an individual leaf and total leaf area per twig. This allometry may be relevant to competitive ability. In combination with a tall and extensive canopy, large leaves help to facilitate competitive exclusion on fertile soils (Grime, 2001; Keddy et al., 2002) , particularly if, additionally, leaves have a broad lamina (Keddy et al., 2002) .
In contrast to leaf size, interspecific variation in seed mass is considered to relate primarily to regeneration (Fenner and Thompson, 2005) . Importantly, for a given allocation of resources a species may produce either many small seeds or fewer larger ones (Salisbury, 1942; Fenner and Thompson, 2005) and the optimal strategy, few large seeds with potentially higher seedling survivorship, or many small widely dispersed seeds, depends upon ecological circumstance (Grime, 2001) .
Are there functional trade-offs between leaf and seed size?
Shoots are essentially modular, formed of a series of phytomers or metamers (White, 1979 (White, , 1984 Barlow, 1994) . Each phytomer consists of an internode (support function), its upper node with one or more attached leaves (carbohydrate gain through photosynthesis) and each with an attendant axillary bud (growth to produce another phytomer). This modular form of development may perhaps link seed and leaf size. Big seeds will tend to produce big seedlings with large phytomers and these larger phytomers potentially generate stout stems with large leaves. Equally, small seeds will tend to produce small phytomers, which may in turn lead to a predisposition for thin stems and small leaves.
Allometric relationships consistent with the above have been widely recorded. For example, in concordance with Corner's rules (Corner, 1949) , the size of reproductive structures may scale positively with the robustness of stems (Primack, 1987; Niklas, 1993; Leslie et al., 2014) and flower size with the dimensions of both the inflorescence axis and the leaf (Midgley and Bond, 1989; Diggle, 1995; Leslie et al., 2014) . However, despite seed size varying greatly within a single plant size class, and the many exceptions to the rule, big seeds do tend to produce big plants and big plants to produce big leaves (Thompson and Rabinowitz, 1989; Rees and Venable, 2007; Pierce et al., 2014) . Moreover, it is self-evident from e.g. Muller (1978) that seed size and first true leaf area are allometrically related. Also in meta-analyses of functional traits, plant size and seed mass pattern positively along the same principal component axis (D ıaz et al., 2004 Pierce et al., 2014) . Rees (1996) , Moles et al. (2005) and Leslie et al. (2014) conclude that regeneration and the characteristics of the mature plant are functionally related.
Nevertheless, the existence of a link remains contentious. Shipley et al. (1989) , Leishman and Westoby (1992) , Grime (2001) and Hoyle et al. (2015) argue a case for functional independence. And with good reason. Even if general rules define a positive relationship between leaf size and seed mass, seed size does not scale consistently with leaf size (Cornelissen, 1999; Wright et al., 2007) . Take, for example, Petasites hybridus. This species has the largest leaves (area of a single leaf >100 000 mm 2 ) in the native British angiosperm flora, yet its seeds are very small [0.23 mg (Grime et al., 2007) ]. Perhaps the true situation is an allometric relationship over part of the range of leaf and seed size but uncoupling across another.
This scenario is consistent with the results of Cornelissen (1999) . Rather than a linear relationship, Cornelissen identified a triangular one between leaf and seed size for European woody plants. He found that all small-leaved species produced small seeds but detected no size relationship for large-leaved species. Santini et al. (2017) found the same relationship for annuals. The two corners of Cornelissen's triangle, and of Santini's, 'small seeds þ small leaves' and 'large seeds þ large leaves' are consistent with an allometric continuum.
This concordance in the 'large seeds þ large leaves' corner is perhaps partly due to leaf dissection. Warman et al. (2010) argue that there are no clear functional advantages per se in having compound leaves. Nevertheless, many species do. And lamina size impacts on aspects of leaf physiology. Importantly, air movement and friction can create turbulence, resulting in a thick boundary layer, particularly in exposed habitats and microhabitats (Schuepp, 1993) . This thick boundary layer reduces transpiration and the effects of solar heating in water-stressed plants. It also reduces CO 2 uptake. Leaf width scales positively with the thickness of the boundary layer and in hot arid climates narrow leaves, with thin boundary layers, are often well represented in species with C3 photosynthesis (Yates et al., 2010; Tozer et al., 2015) . Leaf dissection similarly promotes a thinner boundary layer. Thus, in some respects, morphologically large dissected leaves may be viewed as functionally analogous to a leafy shoot. The petiole provides a branched system of 'stems'. These, in turn, support a 'canopy' of small separated photosynthetic laminas (leaflets). In this context, compare Fraxinus and Salix. Fraxinus has large pinnately divided leaves supported by a long petiole while those of Salix are smaller, undivided and more or less sessile. However, since both are of similar dimensions, the leaflets of Fraxinus and the leaves of Salix may be viewed as functionally equivalent structures in relation to photosynthesis and gas exchange. Developmental origins do not define function.
Another mechanism that may uncouple leaf from seed size is growth period. The leaves of young plants tend to be smaller than those of mature plants in both long-lived groupings [e.g. trees (Cornelissen, 1999) ] and short-lived ones [e.g. annuals (Gagnon and Beebe, 1996; Dosio et al., 2003) ]. These differences in size represent the opposite extremes within the transitional developmental stage from small 'immature' to large 'mature' leaves. This stage, during which successive phytomers and their leaves grow to a larger size than those immediately preceding them, represents 'juvenile growth'. Increasing the extent of juvenile growth (i.e. the number of 'juvenile' phytomers produced) potentially allows species with smaller seeds and seedlings to produce larger adult phytomers, and leaves. This relationship can be illustrated by comparing the annuals Moricandia arvensis and Helianthus annuus. The leaves of the medium-sized, 'early-maturing' Moricandia increase in size only up to leaf 5 (a 7-fold increase in length compared with leaf 1). This is followed by a decrease in size to leaf 14 (Gagnon and Beebe, 1996) . In contrast, in the large, 'latematuring' Helianthus, a sequential increase in leaf size has been reported up to phytomer 19 (a 30-fold increase in area compared with leaf 1). Moreover, leaves half the area of the maximum were not achieved until phytomer 10 (Dosio et al., 2003) . This comparison between Moricandia and Helianthus provides a developmental context for species such as Petasites hybridus (see above), with very small seeds and extremely large leaves.
Growth rate is another uncoupling mechanism and for annuals, where, by definition, the 'juvenile stage' is short, the triangular 'leaf-seed' relationship became linear when habitat fertility (a surrogate for growth rate) was additionally factored into the analysis (Santini et al., 2017) . We suspect that the third, 'small seeds þ large leaves', corner of Cornelissen's triangle identifies a group of species with an extended juvenile phase (many juvenile phytomers) and/or fast growth (leading to a disproportionate increase in the size of successive phytomers). If the length of the juvenile phase and growth rate are factored into the analysis as additional terms, Cornelissen's triangle may perhaps, as in Santini et al. (2017) , be similarly transformed into a positive linear relationship between seed and (morphological) leaf size.
Seed-phytomer-leaf theory
The basics As illustrated in Fig. 1 , early shoot growth is modular and characterized by a sequential increase in the size of successive daughter phytomers from the cotyledon stage (Phyt 0) and the first daughter (Phyt 1) through to the first fully formed 'adult' phytomer (Phyt n, where Size phyt_n�1 < Size phyt_n ffi Size phyt_nþ1 ). Seed-phytomer-leaf (SPL) theory relates to these development patterns with four key variables relating to modular shoot development linking leaf size to seed size. The first variable is, inevitably, seed size itself. This contributes importantly to the overall size of the first seedling phytomer produced and its bud (Size bud ). The second and third identify, respectively, the growth rate and phyllochron (duration of growth) of subsequent daughter phytomers (RGR phyt ). The fourth key variable is the number of phytomers sequentially produced during 'juvenile growth' (defined as n in Fig. 1 ).
The size of each developing phytomer may be viewed as a function of the first three of these variables.
Size phyt 1 ¼ Size bud 0 þ Size bud 0 � RGR phyt 1 � t phyt 1 1st phytomer (1a)
which if Size phyt _ 1 �Size bud _ 0 is logðSize phyt 1 Þ ffi logðSize bud 0 Þ þ logðRGR phyt 1 Þ þ logðt phyt 1 Þ 1st phytomer (1b) Using eqns (1a-d) to estimate the size of successive phytomers and the fourth variable n to identify the number of successive phytomers produced during juvenile growth, 'adult' phytomer size may be defined as:
This can be recast as:
This equation can be simplified. RGR generally declines with plant size (Evans, 1972; Hunt, 1982; Metcalf et al., 2003) with calculations needed to take account of this nonlinear growth (Rees et al., 2010) . Nevertheless, differences are proportional. Seedling RGR still shows a positive correlation with the fertility of the habitat exploited by the (slower-growing) established plant (Grime and Hunt, 1975; Hunt, 1982) . Thus, changes in values for growth variables from t 1 to t n may be expected to follow a geometric progression. Similarly, the time for successive daughter phytomers to reach maturity is likely to be a geometric function of t phyt_1 . Thus, eqn (2b) may be recast as
[Caveat: Although by definition, phytomer size increases up to Size phyt_n , allocation to stem tissue shows an opposite relationship. Basal phytomers have an important structural support function and, following secondary growth, exhibit a greater final stem:leaf allocation ratio. Currently, we cannot readily amalgamate these two developmental processes within a simple arithmetic formula and the functional terms, f 1 , f 2 and f 3 await an exact arithmetic definition.]
Using eqn (2c) to express SPL theory in terms of functional traits A number of further approximations may be made. Firstly, since leaf size tends to scale allometrically with phytomer size, and seedling with seed size, LA morph ffi Size phyt_n and Seed M ffi Size phyt_0 . Secondly, in combination, [f 2 log(t phyt ) þ f 3 n] quantify the duration of juvenile growth (JuvT). Thirdly, in its classical expression [eqn (3a) (Evans, 1972) ], and with specific leaf area (SLA) deconstructed [eqn (3b)], RGR is partly a function of SLA and leaf dry matter content (LDMC). 
Thus, using the approximations above, eqn (2c) may be recast, and SPL theory defined, as
This paper seeks to validate the SPL theoretical model (eqn 4b) by defining mature leaf size (�phytomer n) as a function of seed mass (�phytomer 0). First, combining a functional trait database for >2400 native or introduced European species and extensive English and Spanish vegetation survey data, we review the ecological relevance of leaf area, seed mass, LDMC and canopy height. Secondly, we illustrate that these traits are strongly inter-correlated and equations predicting leaf area are generated. Thirdly, we describe mechanisms that uncouple leaf area from seed size. The circumstances under which large leaves become 'functionally small' through dissection or elongation are examined. We similarly consider the mechanical constraints to supporting large leaves. By comparing species with 'basal' and leafy canopies we identify that 'self-supported' basal or rosette leaves tend to be larger than comparable leaves where several are mechanically supported by a single stem. Fourthly, we provide further evidence for the SPL model by confirming an emergent property of the theory relating to species that function without leaves. We demonstrate that, in accordance with expectations from the putative SPL model, these 'photosynthetic stem' species tend to be associated with sizeextreme, 'developmentally difficult' combinations of seed and leaf size. Finally, we discuss the merits of the SPL model and how problems with it mirror those within trait-based ecology as a whole. We make suggestions as to how the SPL model, and trait-based ecology, may be advanced in the future.
MATERIALS AND METHODS

Vegetation data and study sites
A field context was provided by unpublished vegetation surveys of Central England [1 m 2 quadrats with species abundance estimated as percentage rooted frequency (Grime et al., 2007)] and relevés from phytosociological studies around Tortosa, Catalonia, north-east Spain (Royo Pla, 2006) and Zaragoza, Aragon, north central Spain (Braun Blanquet and Bol� os, 1953) , both available from the Iberian and Macaronesian Vegetation Information System database [SIVIM (Font et al., 2012) ]. Exceptionally, species with photosynthetic stems, a grouping poorly represented in the three regional datasets, were analysed using the full SIVIM database. Habitat classification relates to Grime et al. (2007) for English and Rivas-Mart� ınez et al. 2002) for Spanish data. Two of the study areas are described in Hodgson et al. (2010) and the third, Tortosa, in Royo Pla (2006) . Some differences between these contrasted areas are as follows: mean annual rainfall (mm), Zaragoza 300-350, mainly spring and autumn; Tortosa 342-801, periodicity as Zaragoza; England 565-1800, all year with winter maximum; mean annual temperature range ( � C), Zaragoza 6-24, Tortosa 12-22, England 9-11; intensity of land use, Zaragoza, generally low (survey predates arable intensification); Tortosa, high except in areas difficult to cultivate; England, as Tortosa. In summary, there are contrasts in intensity of land use and England ! Tortosa ! Zaragoza may be viewed as a gradient from a cool wet ('Atlantic') to a 'Mediterranean' semi-arid climate. We have collected extensive functional data from all three regions.
Estimates of leaf size
We are constrained in our analyses by the fact that the phytomer has not generally been regarded as a useful functional unit within trait-based ecology. As we lack data on the size of other components of the 'adult' phytomer, our analyses are restricted to considerations of leaf lamina size. Three measures, each identifying a different functional aspect, have been used routinely. First, the conventional 'morphological' unit, area of an individual leaf lamina (LA morph ), identifies size in an allometric context. Secondly, LA devel , the area of lamina produced by each phytomer, defined as LA morph � number of leaves per node, quantifies incremental growth more exactly than LA morph . Thirdly, leaf width (LA funct ), identified as the diameter of the largest circle that can be drawn within the confines of the leaf/leaflet lamina, scales positively with the thickness of the boundary layer and negatively with rates of heat and gas exchange [see Introduction section (Yates et al., 2010) ]. Only LA funct has direct functional relevance to photosynthetic efficiency and related physiological processes. It could equally have been expressed as the area, rather than the diameter, of the inscribed circle. In using a linear rather than an area measurement, we have simply followed convention (e.g. Yates et al., 2010; Tozer et al., 2015) .
The area of the largest leaf in each population sample [typically consisting of five replicate plants (Pérez-Harguindeguy et al., 2012) ] was measured. Subsequently, LA devel and LA morph were expressed as the 75 quartile value (mm 2 , one surface) for all populations of the target species within the dataset. Leaf width (LA funct ) was subdivided into the following log 2 classes:
. Data relate to field-collected material, except for juvenile leaves, which relate to 9-week-old plants grown in a controlled growth room (Santini, 2016) .
Plant height, canopy structure, 'dominance index' and assessing the duration of the 'juvenile phase' Canopy structure is subdivided into leafy and 'basal'. For simplicity, 'basal' includes both the 'basal' and 'semi-basal' categories sensu Grime et al. (2007) , i.e. plants with (1) leaves in a rosette, (2) supported independently on a petiole emerging at ground level or (3) at least the largest leaves situated towards the bottom of the stem. Generally semelparous (monocarpic) species were 'basal' and woody species leafy. Moreover, in annuals most 'basal' species are winter-annual. Accordingly, our functional comparisons of leafy and 'basal' species have focused upon herbaceous iteroparous (¼polycarpic) perennials.
'Dominance index' values (Dom I) were abstracted from Hodgson et al. (1999) . Dom I is an estimate of competitive exclusion, derived from English survey data and calculated by regressing the relative contribution of the target species on the total rooted frequency in the quadrat against the rooted frequency of the species itself. High values for the resulting slope (Dom I) identify strong canopy dominants.
Species were also classified in relation to canopy height (Ht, subdivided into the following log 2 classes: 1 ¼ �20 mm; 2 ¼ 21-40 mm; 3 ¼ 41-80 mm; . . . 12 ¼ >20.48 m). Maximum canopy height is not functionally equivalent for all species. In some 'basal' species leaves decline in size up the stem, with the smaller upper leaves contributing little to canopy dominance. To obtain a more functionally equivalent value for both 'basal' and leafy species, Ht has been measured only up to and including leaves whose area is at least half that of the largest. This position, where leaf size is reduced to half that of the largest leaf, may relate to a key moment in plant development. It may identify the point of inflexion where the majority of resources are no longer allocated to vegetative growth but instead fuel reproduction (Pérez-Harguindeguy et al., 2012) . Encouragingly, this measure of Ht was the statistically strongest predictor of canopy dominance (Dom I; r ¼ 0�78, n ¼ 119, P < 0�001; Hodgson et al., in preparation) . Two other height traits, plant height sensu stricto (PlHt, including inflorescences) and 'maximum' canopy height (to the highest leaf), both measured in the same units as Ht, had slightly lower values of r (0�69 and 0�72, respectively, although P < 0�001 for both). Only in functional comparisons of 'basal' and leafy species has Ht not been used. Instead, PlHt was conservatively preferred.
Although sufficient data were available for the monograph of Schweingruber and Poschlod (2005) and the data syntheses of Moles and Westoby (2006) , information on life-span and related features is available for remarkably few perennial species, and data are strongly biased towards trees. In short, we lack direct measurements of the duration of the 'juvenile phase' and the number of iterations of 'juvenile' growth before the phytomer reaches adult size. Moreover, the relationship between rate of resource capture and growth (r) and size at maturity (SAM) is complex (Grime and Pierce, 2012) . We are not even sure whether maximum leaf size (i.e. 'vegetative maturity') is achieved at the same time or before the plant becomes sexually mature, and Ht, the scaling of form and process, is usually studied in relation to allometry (Niklas, 1994) . In this theoretical vacuum, we argue the following: compared with functionally analogous small-leaved species, large-leaved ones may be expected (1) to have more iterations of phytomer growth, (2), as a result, to produce more juvenile biomass and (3), because of scaling with juvenile size, to attain a greater adult size. Therefore, after allowing for differences in initial juvenile size (Seed M) and growth rate (LDMC), Ht may perhaps positively, if weakly, predict the duration of the juvenile phase.
Other functional data
Data on the following were routinely used: LDMC (100 � dry mass of leaf/saturated mass of leaf); life history [annual, semelparous (¼monocarpic) perennial, herbaceous iteroparous (¼polycarpic) perennial, woody perennial]; and seed (germinule) mass (Seed M, mg). For species where the seed is enclosed within a much larger dispersule (e.g. Agrimonia and Xanthium; dispersule mass ffi 4 � germinule mass), values for Seed M relate to the extracted germinule. For species with values for Dom I, lateral vegetative spread, another trait measuring competitive ability, was additionally abstracted from Hodgson et al. (1999) . For reasons outlined in Hodgson et al. (2011) , LDMC has been preferred to SLA [leaf area (mm 2 )/leaf mass (mg)] as a predictor of soil fertility and growth rate.
We have segregated the following groupings from the main analysis: annual crops (subject to trait selection to increase edible yield); aquatics (leaves and stems supported by water); hemiparasites (with a lesser direct dependence upon photosynthesis); Orchidaceae (obligate mycotrophy); and species photosynthetically dependent upon green stems or 'stem-like' tissues. This last grouping was problematic. Many species for which stem photosynthesis is important also have green leaves [e.g. green-twigged leguminous shrubs and stem succulents in Salicornieae (Amaranthaceae)]. Unfortunately, there is no obvious morphological cut-off point that we can apply to separate leaf from stem photosynthesizers. Therefore, conservatively and arbitrarily, we have identified as 'photosynthetic stem' species only taxa that either (1) lack green leaves of any sort during their main period of vegetative growth or (2) have all of their leaves reduced to spines.
Data sources
Trait data were derived from a large functional dataset currently being prepared for publication (Hodgson et al., 2011) . Most came from 'in-house' measurements but, and primarily to 'validate' our own values, many other data sources were consulted, including the FIFTH database (Cerabolini et al., 2010) , Flora Iberica (Aedo et al., 1980 onwards) , Flora Europaea (Tutin et al., 1964 (Tutin et al., -1980 , Hungarian seed bank data (Csontos et al., 2003 (Csontos et al., , 2007 Török et al., 2013) , LEDA Traitbase (Kleyer et al., 2008) and SID (Royal Botanic Gardens Kew, 2015) . Nomenclature follows The Plant List (2013).
Analyses
Prior to statistical analysis LDMC was square-root-transformed and the remaining continuous trait variables log 10 -transformed. Also, since its relationship with LA proved to be nonlinear, the squared Ht term (Ht 2 ) was also routinely calculated. To provide an estimate relevant to ecosystem properties, trait data weighted by abundance (rooted frequency/Domin scale) were routinely used to generate 'functional averages' for each vegetation sample. The analyses for 'photosynthetic stem' species were the only exceptions. Here, the objective was to compare attributes with those of co-occurring leafy species and 'functional averages' of associated species were calculated using unweighted presence/absence data.
Linear regressions all relate to the type II of Warton et al. (2006) . Other statistical tests were performed using SPSS for Windows TM (version 16.0). Correlation, multiple regression and one-and two-way analysis of variance (ANOVA) were used to explore relationships within the dataset. No statistical 'gap-filling' methods were used.
RESULTS
Range of values for plant traits
Our core dataset of 2398 species consisted of 881 annuals, 82 semelparous perennials, 1105 herbaceous iteroparous perennials and 330 woody species. Additional smaller datasets included annual crops (17 species), floating aquatics (15) Table  S1 ). In 78 % of species LA morph and LA devel were identical (i.e. with only one leaf per node). Mean trait values are presented in Table 1A . All studied traits varied with life history (Table 1B) , family (Table 1C) and habitat (Table 1D ) with additional interactions detected between life history and taxonomy and between geographical region and habitat (Supplementary Data Table S2 ).
Patterning of leaf and seed size
Data for the juvenile (9-week-old) growth stage of 19 perennial species suggest a developmental link between seed and leaf size. When expressed as LA juv_devel , juvenile leaf size was a positive function of both Seed M and adult LA devel ( Fig. 2A) . The statistical strength of similar regressions with LA juv_morph was lower. The relationship between adult and juvenile leaf size was best described by a quadratic equation (Fig. 2Aii ) with development to adult-sized leaves appearing to take longer for large-seeded (eqn 5) and taller and/or slower-growing (high LDMC) species (eqn 6). [The suffix juv identifies 9-week-old growth-room-grown plants. For comparison with eqn (6) the r 2 statistic given for eqn (5) relates to a regression calculated with a constant.]
LA devel and LA morph were positively correlated with Seed M for species (Fig. 2Aiii, Bi) , between and within families ( Fig. 2Bii, iii; see also Table 2 and Supplementary Data Table  S3 ) and for most subsets of vegetation data (Fig. 2C) . However, the relationship was an inexact one, with the regression slope differing between ecological groupings (Fig. 2Biii , Cii, Ciii). Moreover, for the woodlands of north central Spain, where canopy dominants include Quercus, with large seeds and relatively small leaves, and Populus, with minute seeds and somewhat larger leaves (Supplementary Data Table S4 ), leaf area and Seed M were strongly negatively correlated (Fig. 2Ciii) .
Patterning of LA with other traits
In general LA devel and LA morph were weakly correlated with LDMC for species, families and vegetation samples (Fig. 3 , Table 2, Supplementary Data Table S3 ). In contrast, although Ht scaled strongly and positively with leaf size (Fig. 4, Table 2 , Supplementary Data Table S3 ), some of the largest leaves were associated with plants of medium height (Supplementary Data  Table S4 ). Thus, the relationship between Ht and leaf area was One-way ANOVA, F 6,576 74Á5*** 74Á5*** 38Á9*** 158Á0*** 113Á3*** 64Á0*** ***P < 0Á001; ns, not statistically significant. Groupings with the same superscript letters are not statistically significantly different at P < 0Á05, either in Tukey (post hoc) tests for one-way ANOVA or in t-tests. (Group 1) Intrafamilial correlation statistically significant at P < 0�05 (green dots): Amaryllidaceae, Apiaceae, Asteraceae, Brassicaceae, Boraginaceae, Caryophyllaceae, Euphorbiaceae, Fabaceae, Geraniaceae, Juncaceae, Lamiaceae, Malvaceae, Onagraceae, Poaceae, Ranunculaceae, Rubiaceae. (Group II) Blue dots (P < 0�1): Asparagaceae, Ericaceae, Primulaceae. (Group III) Red dots, ns; Amaranthaceae, Campanulaceae, Cyperaceae, Papaveraceae, Plantaginaceae, Polygonaceae, Rosaceae, Salicaceae. (Group IV) Red triangles, negative slope (P < 0�05): Cistaceae but log 10 LA devel ¼ �0�693ͱLDMC þ 0�164Ht 2 � 1�506Ht (r 2 ¼ 0�87, n ¼ 20 ***) when other regression terms are added. Families abbreviated to their first three letters. (Biii) Life history groupings within Fabaceae. Test statistic for common slope across groups ¼ 40�5, n ¼ 196 ***: all slopes significantly different at P < 0�05. Annuals (blue dots, ---): log 10 LA devel ¼ 0. 589log 10 Seed M þ 2�220; r 2 ¼ 0�39, n ¼ 118 ***; herbaceous perennials (green dots, ---): log 10 LA devel ¼ 1�101log 10 Seed M þ 2�309; r 2 ¼ 0�25, n ¼ 49 ***; woody perennials (red dots, Table S6 ).
Leaf shape: the divergence of LA funct from LA devel and LA morph Our regression equations for Dom I (eqns 7-9) differ considerably from those found in Hodgson et al. (1999) . While Ht remained, lateral vegetative spread and LA morph were no longer accepted into the equations. Instead a new term, LA funct , contributed significantly to canopy dominance, reinforcing the finding of Keddy et al. (2002) Table S7 ). At one extreme, Boraginaceae tended to have broad, entire leaves and a strong correlation between LA devel and LA funct (r ¼ 0�884) while in Apiaceae, with a weaker correlation (r ¼ 0�362), leaves were generally divided, often bi-or even tri-pinnately (Fig. 5Aii, Table 2C ).
'Basal' versus leafy canopy 'Basal' species were only a minor grouping in our dataset (annuals 19 %; semelparous perennial herbs 99 %; iteroparous perennial herbs 36 %; woody perennials 0 %). In most respects, leaf size was similarly related to other plant traits for both 'basal' and leafy species (Table 3) . However, herbaceous 'basal' species tended to have larger leaves and seeds and lower stature and LDMC than leafy ones (Supplementary Data Table S8 ). In the field they were also characterized by larger leaves than co-occurring leafy species (Supplementary Data Fig. S1 ).
Photosynthetic stems versus leaves
Within our dataset, the distribution of species reliant upon stems for photosynthesis was centred upon two contrasted habitats. The first was fertile wetland associated with open water. Here, in Lemna and related aquatic genera (Araceae: Seed M unavailable), the floating shoot is reduced to 'thalloid stem-leaf units'. The remaining wetland 'photosynthetic stem' species were erect herbaceous and small-seeded. They approximate to the 'reed interstitials' of Boutin and Keddy (1993) . 'Photosynthetic stem' species were represented by two genera in Cyperaceae, Eleocharis (leaves brown scales; all basal) and Schoenoplectus (similar but submerged leaves may be present), and one in Juncaceae, Juncus sect. Genuini (as Eleocharis but, additionally, a stem-like bract subtends the inflorescence). The second habitat, ns 0�589* ***P < 0�001; **P < 0�01; *P < 0�05; þP < 0�10; ns, not statistically significant. less fertile, arid or woodland environments, is typically fireprone. 'Photosynthetic stem' species include Aphyllanthes, Asparagus and Ruscus (Asparagaceae) and Acacia and Ulex (Fabaceae). They have large seeds, longer-lived stems and modified leaf-like green stems, cladodes or leaves reduced to spines. The expression of seed size in 'photosynthetic stem' species appeared similar to that for leafy species. High values of Seed M were associated with high values of LDMC in the associated leafy vegetation and with tall vegetation (Fig. 6Ai, ii) . Seed size, stem area (Area stem ) and LDMC were also positively correlated with the corresponding traits of their associated vegetation. Nevertheless, relationships departed significantly from 1:1 (Fig. 6B) . Seed M for the 'photosynthetic stem' species was 'extreme': it tended to be even lower than that of its associated leafy species where vegetation Seed M was low and even higher where vegetation Seed M was high (Fig. 6Bi) . Area stem for stem species and vegetation LA devel were similarly contrasted (Fig. 6Bii) , while values for stem LDMC were consistently lower than those for associated leaves (Fig. 6Biii ). There was a further highly significant disparity. In contrast to leafy groupings, Seed M was accepted in the regression defining Area stem as a negative term (Table 3) .
DISCUSSION
Ecological patterning of leaf size
There were strong negative correlations of LA devel and LA morph with LDMC, a key element of the worldwide leaf economics spectrum (Wright et al., 2004) , both for the whole dataset and for various life-history, taxonomic and vegetation subsets (Fig. 3, Table 2 , Supplementary Data Table S3 ). Moreover, small-leaved species were particularly associated with thinsoiled, skeletal habitats in central England and dwarf shrub communities in Spain (Table 1D) . Thus, species with small leaves are characteristic of habitats unfavourable for plant growth. Also, as in Valladares and Niinemets (2008) , the leaves of woodland species were larger than average (Table 1D) . Our results are consistent with previous studies. There were positive correlations of LA devel and LA morph with Ht and Seed M both for and within the dataset (Figs 2 and 4,  Tables 2 and 3, Supplementary Data Table S3 ). Therefore, apart from the caveat about the non-linearity of the relationship between LA and Ht, plant size relationships are also in broad agreement with previous findings (e.g. Thompson and Rabinowitz, 1989; Rees and Venable, 2007) . The dataset is appropriate for a general reassessment of the functional significance of leaf size.
Ecology versus phylogeny
LDMC, canopy height and seed size all appeared to determine the expression of leaf size. These relationships were similarly expressed in various ecological and taxonomic groupings (Figs 2-4 , Tables 2 and 3, Supplementary Data Table S3 ). This constancy of expression is evidence that these allometric relationships have general ecological relevance. However, traits also patterned with phylogeny both in published studies (e.g. Baskin and Baskin, 2014; Cornwell et al., 2014; Tozer et al., 2015) and at the family and tribal levels within the dataset (Fig. 5 , Table 1C, Supplementary Data Table S7 ). Moreover, D ıaz et al. (2004 Moreover, D ıaz et al. ( , 2016 note that size is less independent of phylogeny than the leaf economics spectrum of Wright et al. (2004) . Our final interpretation of SPL theory may require a phylogenetic dimension.
Do our results support SPL theory?
The positives 1. The SPL model identifies the size of the 'adult' phytomer (ffi leaf size) as the product of (a) the size of the first phytomer produced (ffi Seed M, positive function), (b) the speed at which each phytomer grows (ffi LDMC, negative) and (c) the number of iterations of 'juvenile growth' (no adequate surrogate trait but perhaps Ht, positive: see the negatives section below). Our results consistently confirm this relationship (Table 3, Supplementary Data Table S6 ). 2. Central to the SPL model is that leaf size scales positively with seed size. Thus, the formation of extremely contrasted combinations of seed and leaf size (i.e. 'small seed þ large 
leaf' and 'large seeds þ small leaves') is subject to developmental constraints. The production of a 'photosynthetic stem', instead of leaves, may partially offset these constraints. Encouragingly, 'stem' species are well represented in two contrasted but 'extreme' habitats. The first, fertile wetland, is subject to major disturbance by flooding and characterized by 'small seed þ large leaf' species. The second is disturbed infertile habitats, particularly in arid regions subject to major disturbance from fire ('large seeds þ small leaves'). In each, disturbance critically restricts the window of opportunity for establishment from seed and, in each, the 'stem' species present are more extremely 'size-contrasted' than their leafy counterparts (Fig. 6) . The occurrence of 'functionally extreme' 'stem' species in 'developmentally challenging' habitats provides robust additional support for SPL theory. 3. Published demographic studies, discussed in the Introduction, are also consistent with the SPL model.
The negatives
1. The duration of the juvenile stage, and the number of iterations of phytomer produced therein, are vital elements in any formal validation of SPL theory. Unfortunately, these traits are difficult and time-consuming to measure and we lack data. Ht consistently explained more of the variation in the expression of leaf size than other variables ( and narrowly restricted to a few major taxa. Confirmation of our findings by further analyses of the largest taxonomic grouping of stem species, Cactaceae and of Acacia, a genus with a mix of leafy species and those with 'photosynthetic stems' is therefore advised. Key results identify strong, ecologically significant relationships between seed size, leaf size, plant size and LDMC. These relationships are consistent with SPL theory. Nevertheless, a rigorous validation of SPL theory is still required and this must involve the direct measurement of additional phytomer traits. In several important respects our study remains incomplete.
OUTLOOK
Ecological relevance of SPL theory
Trait-based ecology has been advanced as a key discipline for understanding and advising upon global processes of ecosystem change . Recent progress has been impressive both in terms of the number of species and the range of traits measured (e.g. Kattge, et al., 2011) and there have been ongoing methodological advances in data analysis (e.g. Sonnier et al., 2012; de Bello et al., 2015) . Nevertheless, some areas have progressed less. A meta-analysis of easily measured functional traits for 640 species from four countries, but three continents (D ıaz et al., 2004) , has been superseded by a similar global analysis for >8000 species (D ıaz et al., 2016) . The results were consistent. Each identified principal components analysis (PCA) axis 2 as an important size-related axis including both vegetative and seed traits. Nevertheless, the functional significance of the link between vegetative and regenerative traits was not fully elucidated in either study. This deficiency may relate to the long-running debate about the degree of Fig. 2 abbreviated to the first three letters. (Aii) Two contrasted families, Boraginaceae (red dots, leaves ovate: log 10 LA funct ¼ 2�146log 10 LA devel � 1�009; r 2 ¼ 0�78, n ¼ 49 ***) and Apiaceae (black dots, leaves divided: log 10 LA funct ¼ 2�610log 10 LA devel � 5�769; r 2 ¼ 0�13, n ¼ 101 ***). Test statistic for common slope across groups 2�82, P < 0�1; Wald statistic shifts in elevation between groups 135�7 ***. (B) log 10 LA funct ¼ 2�470log 10 LA devel � 3�119; r 2 ¼ 0�74, n ¼ 9050 *** (LA morph : r 2 ¼ 0�70 ***). Broken lines identify contours for leaf shape: 'round' (circular), 'lanceolate' (ellipse, eight times as long as broad) and 'linear' (32 times as long as broad). More complex leaf shapes (e.g. pinnately and palmately lobed leaves) are not included.
functional independence of the established plant and its regenerative phase. A satisfactory proof of SPL theory would bring closure to this dispute. Equally, SPL theory provides insights into other aspects of ecosystem function that are difficult and/or time-consuming to measure. First, there is the relative importance in species survival of 'regeneration by seed' versus 'vegetative persistence and spread' (Fig. 7) . Group 2 (large seeds þ 'functionally small' leaves) may identify species where the regenerative 'seed' phase is more critical and Group 3 (small seeds þ 'functionally large' leaves) the converse relationship. In Group 4, uncoupling of the two phases has involved extreme modifications to form and life history and in groups 1a and 1b (Seed M and Leaf devel positively correlated), both phases appear functionally linked and may contribute more equally. Predictions based upon comparative seed and leaf size could profitably be tested against, and used to broaden, studies of regenerative strategies.
Secondly, the ISP model may inform CSR strategy theory. The duration of the juvenile phase identifies a fundamental trade-off. At one extreme is early maturation, and often a short life-span. At the other, regeneration by seed is long delayed to facilitate vegetative growth. These two extremes represent opposite ends of the ruderal (R) axis. With few easily measured functional traits, the R axis remains difficult to quantify (Hodgson et al., 1999; Pérez-Harguindeguy et al., 2012; Pierce et al., 2017) . Moreover, there has been an over-reliance on flowering, whose expression varies between regions. In our search for new and better traits, two developmentally contrasted processes, both amenable to computer modelling (Hunt and Colasanti, 2007; Obornya et al., 2012) , may be key. These are (1) phytomer miniaturization and (2) a reduction in the number of juvenile phytomers. Each promotes early maturity and the incorporation in tandem of both into estimates of the R axis is overdue.
Thirdly, SPL theory may inform on climatic distribution. Each climatic area has its own characteristic growing season differing qualitatively and quantitatively from that of other regions. These climatic differences are likely to impact on the success or failure of the developmental combinations of seed and leaf size described in Fig. 7 . For example, a longer warmer growing season may allow establishment from smaller seeds, the production of larger leaves or both, and vice versa if conditions are less favourable. Thus, climate warming may often favour Group 3 species, with small seeds and large adult leaves and cooling, perhaps Group 1 species. We can also add a link to land use. The establishment from seed of Group 3 species may be promoted by disturbance as well as climate warming. The robust small-seeded annual with a more southern European distribution, Lactuca serriola (PlHt, 2 m; Seed M, 0.54 mg; LA devel , >23 000 mm 2 ; LA funct , 64-128 mm), increased in both abundance and geographical range in response to greater disturbance (Carter and Prince, 1981) . This was interpreted as a response to the greater number and diversity of microhabitats suitable for establishment. Climate warming and increasingly disturbed land use constitute parallel major factors shaping global floras and in productive landscapes we predict a geographical expansion of Group 3 species, including many aliens, at the expense of the allometrically, and developmentally, more conservatively expressed species of Group 1. Parmesan and Hanley (2015) bemoan 'the lack of generalities that have emerged from the literature' about the climatic distribution of 5�791 0�389*** ***P < 0�001; **P < 0�01; *P < 0�05.
species. SPL theory may provide a few of the missing rules, and help to quantify impacts.
Validating SPL theory: a case for collaboration between traitbased ecology and demography
Fifty years ago, a major focus within plant ecology was plant population biology (Harper, 1977) . Despite its important contributions to ecology, today this demographic approach is less widely applied. As Shipley et al. (2016) note, it failed to provide the general ecological rule base and predictive power that Harper had initially expected. Now, perhaps, it has a second chance. The ramet of clonal species, an important unit in plant population biology and demography (e.g. Harper, 1977; LovettDoust, 1981) , has relevance to SPL theory. Within a population, or even a species, each ramet will tend to consist of a similar number of phytomers. Thus, ramets may be viewed as 'compound phytomers' and, at a time when quantitative and qualitative aspects of phytomer growth are not routinely measured in trait-based ecology, demographic data may inform. Even more importantly, the phytomer has long been a topic of interest within plant population biology (White, 1979 (White, , 1984 . Thus, additionally, SPL theory may be considered to include aspects of 'micro-demography'. Moreover, demography, originally essentially descriptive and taxonomic, now increasingly uses functional traits (e.g. Iida et al., 2014; Griffith et al., 2016) and synthesis is easier through a consolidated worldwide database (Salguero-G omez et al., 2015) . Through attempts to validate SPL theory, demography and trait-based ecology have an opportunity to move closer together. Phytomers are also studied within agronomy and plant growth studies (e.g. Bunting and Drennan, 1966; McMaster, 2005) , again providing opportunities for collaboration.
Validating SPL theory: why do phytomers vary in the number of leaves produced?
We lack understanding of the biomechanical, developmental and ecological significance of leaf number per node. For 
example, are leaves opposite or whorled because each nodal unit has a developmental origin involving more than one phytomer, or is there a similar mass of leaf but a series of 'minileaves' arising from the same node (e.g. perhaps Galium)? Moreover, why, for a few species, does the number of leaves per node vary with position on the plant [e.g. many annual species of Linaria (Tutin et al., 1964 (Tutin et al., -1980 ]? Unfortunately, relationships involving leaf size, leaf number and phytomer development are 'certainly complex because the biomechanics of a leaf and its internode cannot be equated directly to the biomechanics of the stem to which they are attached. Petiole length, diameter and elastic modules are certainly relevant to this issue. Leaf area is important because it equates to the drag force exerted on the leaf, petiole and ultimately the stem itself. Leaf arrangement probably affects the loading conditions of the stem, but once again this is complex because the bending moment at the base of the leaf depends on the vertical angle of the petiole (it is a function of the sine theta, which means a perfectly vertical leaf has no bending moment) and also the length of the petiole' (K. Niklas, pers. comm.) . We need to assimilate into SPL theory a range of developmental and biomechanical factors associated with the formation and growth of phytomers.
The importance of phylogeny: back to the future?
Above, in the section Ecology versus phylogeny, we argue that some functional traits involved in SPL theory may be 'phylogenetically constrained'. Unfortunately, methodologies in common usage to treat such problems are primarily designed to separate (1) traits whose expression is defined by present-day ecological factors from (2) those relating to evolutionary history, rather than attempting to partition the relative contribution of each. Even for (2), interpretative protocols are incomplete. They do not discriminate between correlations with phylogeny that have evolutionarily deep-seated origins and perhaps global significance (e.g. mycotrophy in Orchidaceae and stem succulence in Cactaceae) from those that derive from more recent parochial episodes of adaptive radiation and colonization within regional floras. Examples of the latter include commonness and rarity, and the level of endemism. These pattern with phylogeny in central England and Europe respectively (Hodgson, 1986a, b) but not in other floras (Edwards and Westoby, 2000) .
These methodological deficiencies have a historical basis. During an earlier era of trait-based plant ecology, seed size, a key trait in SPL theory, was accepted as an ecologically important trait phylogenetically constrained within local floras Representatives from each grouping are illustrated at a similar scale. (Hodgson and Mackey, 1986; Mazer, 1989) . Nevertheless, despite this and other support for an inclusive approach to ecology and evolution (Stebbins, 1974; Hodgson and Mackey, 1986; Hodgson, 1989) and the eloquent opposition of Westoby et al. (1995) , early work in trait-based plant ecology was, like seed size itself, also 'phylogenetically constrained'. As succinctly, if controversially, summarized by Westoby (2006) : 'Through the past 20 years, common ancestry has often been seen as just a statistical hazard; that is, a lack of independence (Harvey et al., 1995; Westoby et al., 1995) . Phylogenetic comparative methods have often been presented as protection against the risk that patterns across species might falsely be attributed to ongoing natural selection. Anxiety about this supposed error (the "adaptationist program"; Gould and Lewontin, 1979) has been widespread in evolutionary biology, but is subsiding now. Evolutionary history and present-day ecological competence are not alternative hypotheses (Westoby et al., 1995) . Rather, they should be interlocking parts of a unified account of trait variation across species.' We agree. The expression of an ecologically important functional characteristic is perhaps best viewed as an adaptive compromise between two forces, one promoting change (i.e. recent and present-day ecosystem processes), the other inertia. This latter conservative force relates to evolutionary history. But which is the more important? Grime (2001) argues that prioritizing function before evolutionary affiliation (i.e. taxonomy) 'may yet prove to have been a crucial step in defining the nature and method of ecological enquiry.' While many would agree with this viewpoint, a contentious issue remains. How do we add the possibly small but perhaps very necessary evolutionary dimension to functional studies?
Phylogenetic conservatism in plant traits and ecological niches are now widely studied (Wiens et al., 2010) and such studies are helping to illuminate the role of the evolutionary past in determining the characteristics and distribution of species in the ecological present. In addition, the generation of well-researched phylogenies (Stevens, 2001 onwards; Angiosperm Phylogeny Group, 2016) has catalysed a renewed interest in evolutionary aspects of ecology. Now many areas of ecological research embrace an evolutionary dimension (e.g. Bolmgren and Cowan, 2008; Schoener, 2011; Tozer et al., 2015) .
Arguably, the most intellectually seamless integration of studies of functional traits and evolution relates to the work of the late G. Ledyard Stebbins. Stebbins's approach focused directly on function and process rather than on pattern. In spirit, Stebbins was the father of 'trait-based evolutionary biology'. Importantly, from directly relating combinations of plant traits to function, he argued that a structure or process that had evolved as a result of the integration of a whole suite of characters may be too complex for its function to be readily modified. In his own words 'Evolutionary canalization can be defined as the tendency for populations to respond adaptively to new environments in ways that are determined by characteristics acquired as a result of a previous adaptive radiation' (Stebbins, 1974) . Stebbins was not an ecologist and some of his illustrative examples are not overtly ecologically relevant. Nevertheless, the power of his mechanistic arguments certainly is. As a consequence of evolutionary history (i.e. trait combinations evolved and functionally integrated in the past) a single selective pressure may give rise to several different evolutionary (and functional) solutions.
There are many recorded examples illustrating the importance of canalization in present-day ecology. One of the most elegantly described relates to co-existing temperate tree species. In some families, trees have diffuse-porous wood and earlyseason bud-break; in others they have ring-porous wood (water conduction more efficient but a greater risk of embolism during cold weather) and late bud-break (Lechowicz, 1984 ; see also Panchen et al., 2014) . Importantly, the expression of seed size, a key trait in our study, may also show a degree of 'canalization'. In what was essentially a homage to Stebbins, Hodgson and Mackey (1986) identified correlates between mean family seed mass and deep-seated taxonomically linked characteristics. Relationships were inexact but 'large-seeded' families tended to be characterized by some of the following characteristics: a solitary ovule within each carpel, apical or basal placentation, endosperm present in the ripe seed and a pattern of embryogenesis in which both cells of the proembryo contribute to the formation of the embryo. In contrast, 'small-seeded' traits were numerous ovules per carpel, axile or parietal placentation, no endosperm in the ripe seed and only the upper cell of the proembryo contributing to the formation of the embryo. Whether the ecological expression of leaf size and dissection, which also appear taxonomically linked, is similarly constrained by features such as nodal anatomy (Metcalfe and Chalk, 1979) remains to be investigated.
How ecologically significant may 'canalization' be? In the previous section, and in Fig. 7 , we argued that combinations of seed and leaf size may identify present-day ecological specialization. Equally, they may reflect ancestry. Take Apiaceae. Within our dataset, this family is characterized by relatively large seeds and leaves that are 'functionally small' (i.e. large but dissected). Did this family evolve in circumstances where there was a pre-eminent requirement for regeneration by seed (i.e. large seeds and functionally small leaves)? And does this evolutionary past define aspects of the present range of ecological niches that members of the family can occupy? It is widely acknowledged that major taxa such as Fabaceae, Orchidaceae and Poaceae are to some extent ecologically specialized. Perhaps they identify the rule, not the exception to it.
'Functional trait-based phylogeny' may be the best way to advance these issues. As outlined above, Hodgson and Mackey (1986) have already identified possible developmental links between functional traits and 'cryptically functional' taxonomically linked attributes associated with morphology and developmental processes. New, more sophisticated studies would be able to utilize recent morphological, anatomical and phytochemical datasets on taxonomically linked traits (Stevens, 2001 onwards) . By partitioning the expression of function traits between the ecological present and the evolutionary past, 'functional trait-based phylogeny' may yet both revolutionize and integrate ecological and phylogenetic disciplines.
CONCLUSIONS
The size axis of ecological specialization of D ıaz et al. (2004, 2016) and Pierce et al. (2014) still lacks the functional clarity associated with the leaf economics spectrum of Wright et al. (2004) . Nevertheless, by identifying leaf size as a function of seed mass and growth parameters, and by proposing SPL theory we provide a functional basis for re-evaluating this important functional axis using additional phytomer-related traits. The rewards of such an approach are potentially great. We anticipate a revolution as to how we assess disturbance, climatic restriction and the role of phylogeny in trait expression and niche differentiation. Trait-based plant ecology may never be the same again.
There are also implications for the interface between ecology and taxonomy. The species, identified by traditional morphologically based taxonomy, constitutes a paradox. It has a narrow ecological identity and closely related species often occur in very different habitats. Equally, the species is a fundamental taxonomic unit. It is related by evolutionary history to other species in the same higher taxonomic units and this relatedness is apparent through shared morphological, anatomical and biochemical attributes. This duality, where the species is both an independent classificatory unit in ecology and a taxonomic unit with a shared evolutionary history and many shared attributes, tends to be treated as a fault line between ecology and phylogeny. We argue that an arithmetic segregation of present-day ecology from past evolution is both artificial and unhelpful. SPL theory, together with the ideas of Stebbins (1974) , provides the prospect of a more inclusive approach. For ecologists, the methodology allows both present-day ecological processes and evolutionary history to be treated as having complementary (although not necessarily equal) impacts on the trait expression of present-day species. For evolutionary taxonomists, an appreciation of the link between taxonomy and ecology may inform on the impact of ecological processes during past episodes of angiosperm diversification. A very productive partnership between two scientific 'growth areas', trait-based functional ecology and phylogeny, is envisaged.
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